Abstract: Rising costs and increasing expectations from patients (consumers) have caused healthcare planners to seek ways to improve efficiency, while striking a balance with the quality of services offered. This study explores how the integrated emerging technologies can play a valuable role in cost-effective medical and healthcare delivery by means of e-data computer simulation of clinical units, borderless data (such as intelligent patient medical records), engineering e-processes and systems analysis of primary-to-tertiary care systems. Incorporation of costly medical technologies into healthcare delivery is supposed to make:
Introduction
Healthcare is a universal need, catering to the full social spectrum of a nation. However, the Government has limited total resources and cannot meet every need of the population spectrum. Decision-making healthcare planners and deliverers must therefore make effective use of what is available. The ever-rising cost of healthcare is a critical issue for policy makers, healthcare providers, healthcare insurance companies as well as the patient population. For instance, there is a current trend of overburdening of specialist outpatient clinics in public hospitals by people who could well be treated for most of their illnesses in primary-care clinics. Further, the continued prevalence of persistent diseases and the emanation of new exotic strains are also taxing the healthcare system and its costs.
Ultimately, the goal of healthcare service administrators is to help maintain and enhance the health of the public. While individual citizens may hold primary responsibility for their health status, there is much that the health service administrators (working in concert with physicians, nurses, other health professionals and community leaders) can do to assist in the process. In this regard, attention could be focused on incorporation and the strategic use of new medical technologies, to make patient-treatment clinical-support units (of pathology, biochemistry, microbiology, radiology, pharmacology) as well as procurement and inventory systems and administrative services function must efficiently. This delineation and the solution of this concept is what healthcare administration is all about.
Simulation modelling can play a significant role in making health facilities more efficient in serving the users and in enabling the most effective deployment of resources. This framework is designed specially for primary care services, where each patient's condition (for example, customer demand) is different and unique. Primary care services vary in diversity, seriousness, referrals and even include preventive care. Traffic engineering models could well be applied to primary care services, to determine the best modality of customer satisfaction and resource utilisation.
Clinical services are all about decision making. In this regard, we could refer to the application of the decision support system, introduced by Sundararajan et al. (1998) , to make operational decisions in a food-processing industry for determining the optimum production based on the tradeoffs between some decision factors. The fuzzy set theory could also be applicable for decision making under fuzzy factors and uncertainties. The fuzzy optimal problems with multiple constraints need to be transformed into an ordinary constrained-optimum problem, so that they can be solved with the mathematical programming method. (Biswal, 1992; Dutta, Tiwari and Rao, 1992) Fuzzy set theory does not need quantitative description about each criterion from engineering designers. It allows engineering designers to describe the performance of each criterion with some linguistic terms, such as 'good', 'poor', 'very good' and so on. Nevertheless, fuzzy programming can be adopted in engineering product design (Khong and Oh, 2002) to even incorporate the created value of the intellectual capital.
In medical services, Yuan et al. (2001) have developed a pilot fuzzy logic expert system for kidney patients, to assist physicians in solving multi-criteria kidney allocation problem. It was evaluated in comparison with two existing allocation algorithms: a priority sorting system, used by the Multiple Organ Retrieval and Exchange programme in Ontario (Canada), and a point-scoring system used by the United Network for Organ Sharing in the USA. In their expert system (internet-based fuzzy logic), information technology was used to coordinate the organ procurement and transplanting process as well as to allocate donated organs to recipients quickly, fairly and effectively. Even computer simulation of the human thinking and reasoning process by Artificial Intelligence (AI) can have a major role in the development of decision support system (Andriole and Hopple, 1986) . AI has been broadly recognised to empower a decision support system to incorporate and simulate human thinking process, to improve the performance of the decision support system and bring the intent of decision-makers and the requirements of customers into the decision outcome (Angehrn and Jelassi, 1994; Finlay and Maritn, 1989; Holsapple and Whinston, 1996) . Finally, info-communication technology can also provide a means for cost saving without compromising healthcare service quality. In fact, conceptual framework of the virtual diagnosis clinic can be built, using the system-engineering approach to model and test the feasibility of the virtual diagnostic clinic.
Where to reduce healthcare operation costs
The business of healthcare industry comprises a wide variety of enterprises. Products and services comprise of medical consumables, pharmaceuticals, catering and food, laundry cleaning, waste management and disposal, home-care products, information technology, vehicle fleet management and general research supplies (Gattorna, 1998) .
The healthcare industry has historically viewed itself as being operationally different from other businesses (Jarrett, 1998) . Primarily, this thought has developed because healthcare providers believe that, unlike managers in the manufacturing industry, they cannot control or project their production or operational schedules. However, the healthcare industry is facing an environment where there are pressures to reduce operating costs and increase margins, without threatening production or medical-care quality. An analysis of the total healthcare system indicates that the supply-management system is one of the primary areas where cost reductions can be a predictable outcome (Butters and Eom, 1992) . At the same time, as Jarrett points out, the one advantage of reengineering the supply chain is that the cost reductions would not affect all the components of the medical-care operation.
The increase in healthcare costs and inefficiencies are partly due to inadequate and tedious purchasing procedures (Alt, 1997) . With supplies and services representing the second largest expense category in a hospital's operating budget, procurement professionals are under enormous pressure to reduce cost in these areas. To do so, there are two pathways available. One is to lower the unit price paid for those goods and services, and the other is to lower the transaction costs. The theory of information systems (ISs) concentrates on getting the right information at the right time in the right format to the right user. This requires focus on organisational objectives as well as design and dynamics as much as it requires focus on the procurement of the most appropriate hardware and software (Leonard et al., 2000) . It is to be recognised that healthcare supply chains have evolved from mass to focused marketing and that while flexibility is essential, facilities need to be concentrating on integrated supply chains. Healthcare costs are under attack by the public because healthcare information management systems are merging and consolidating (Adams, 1995) . That means current healthcare logistical research needs to focus on specific supply chain processes, especially on the information flow. Indeed, supply chain automation in a modern healthcare organisation (HCO) represents a huge target for cost savings.
E-healthcare operations
Another area of administrative efficiency is the use of bar codes not only on all medical supply packaging as proposed by Rundle (1997) but also for services rendered to the patients. Patients can be bar-coded when they are admitted. The code should include personal details as well as their medical history. Such a hybrid barcode will facilitate:
• keeping track of patient treatment services and billings, as well as
• decisions concerning lines of treatment, if (associated with codes) we can also have medical evidence-based expert-systems formulations.
With the internet revolution sweeping the globe and internet technology transforming the world of commerce so rapidly, e-healthcare (entailing effective involvement of IT in healthcare delivery and hospital operations) has become recognised as a new and important strategy in the healthcare arena. Some of its applications entail patient-care services online (www.netcare.com.sg), medical record online (www.meetdoc.com), pharmaceutical products online (www.drugstore.com), blood appeal (donation) through net (www.donorweb.org).
Additionally, e-procurement has been implemented by numerous organisations in recent years (Perez, 2000) . It is expected that the volume of US pharmaceutical and medical transactions will increase from $1 billion in 1999 to $44 billion in 2003, representing a 136% compounded annual growth rate. E-procurement solutions in the healthcare market offer significant cost reduction benefits to buying organisations, primarily in terms of process cost-savings as opposed to reductions in net pricing.
In general, e-healthcare entails translation of the needs of healthcare units by the IT department. Possibly, the most impactful e-healthcare activity would be e-patientcare, entailing the following operations:
• patient history-taking
• generation of intelligent medical records
• development of decision-tree based diagnostic and interventional procedures specific to the patient.
A major application of e-healthcare is in patient-centered services. For instance, by employing emerging technology, patients at the National University Hospital, (Singapore) have been provided with online personalised healthcare with the new health service. The service enables general practitioners to develop patient history, forward it to the tertiary-care hospital and then set up appointments.
For non life-threatening, semi-emergency situations, telemedicine is another patient-catering service, by which the elderly and the invalid would not have to make a trip to a clinic or hospital to get a consultation. The system (illustrated in Figure 1) consists of a video camera and computer screen, by which doctor and patients can communicate through info-communication technology. Basic medical information, such as body temperature, blood pressure and even ECG can be measured by the nurse from the remote patient's site, and this information can be transmitted to the doctor/hospital. With these computer-assisted consultations, the patient saves on trips, but can still 'see' a doctor. Subsequently, follow-up medical checks and consultations are equally easy. While we have been talking about the scope of electronic hospital operations, probably the biggest impact of e-procedures could be in modelling of some specific functional processes, with a view to optimising them or making them cost-effective. Examples of such clinical services that lend themselves to simulation are: functioning of intensive-care units (ICU), operation theatres and emergency medicine departments. For instance, simulation of ICUs can enable optimal layout of nurses stations and patient beds to maximise patient monitoring and surveillance. Simulation of an operation-theatre can also provide the optimal doctors and nurses' circulation about the patient. In the case of emergency medicine, simulation can help to determine the optimal number of doctors and nurses in attendance, so as to minimise the wait-time.
A mathematical approach to simulation (based on control theory) was initiated by Simon (1952) and Vassian (1955) for continuous-time and discrete-time events, respectively. In another type of simulation (using a computer) involving system dynamics in total quality management (TQM), Khong (1999) proposed a human resource management model for computer software simulation.
The e-clinic (Virtual Diagnostic Clinic) is yet another area of electronic healthcare. Traditionally, patients are required to travel to a clinic, by queuing and waiting for their turn before they can seek medical attention. The entire process can be time-consuming and inefficient. An online virtual diagnostic clinic is thus proposed to minimise waiting and travelling time spent in the current practices, is shown in Figure 2 . The virtual diagnostic clinic is an outpatient clinic, designed to serve patients round the clock, as schematised in Figure 2 . The patient just needs to log on to the virtual clinic system to seek medical attention. The server is manned by doctors to help the patients decide if they should seek treatment for a condition. The consultation process can be done via the internet, whereby the patient discloses her/his age, sex, blood group, drug allergies and the medical problem. The doctor further assesses the patient condition and gives advice accordingly.
This system could also have the tools to enable the patient to monitor their high blood pressure or their blood sugar level. In such cases, the patients could purchase the relevant monitoring equipment, measure their own blood pressure and blood sugar level, and have these readings entered into the system. Should the doctor detect the slipping of the patients' control on their own medical condition, the system can prompt the patients to visit the doctor and fix an appointment for them.
This interactive system can also function as an e-healthcare advisory centre, whereby the patient could log on to the system to seek healthcare advice. After the patient enters the profile and topic-of-interest into the computer, the relevant information can be directed to them. This is done with the aim of narrow-casting the patient, instead of broadcasting the patient with all information. For instance, a patient suffering from high blood pressure need not stop at just monitoring her/his condition on the system. S/he can ask for information about the medication s/he is taking to control her/his condition, the dangers of over and under consumption of the drugs, the dosage of the drugs, the recommended diet plan, and where to get the cheapest and most reliable drugs.
Alternatively, doctors can also access and know the patient's medical history as well as family history when the patient gives the user-ID and password to the doctor, ensuring the continuity of records and thus the continuity of care. This access is especially crucial in the case of an emergency, where such knowledge can be a matter of life and death. For instance, the doctor can avoid giving the patient medicine that the patient is allergic to.
Healthcare engineering for efficient healthcare management
The escalating costs associated with medical technology present a host of challenges for the hospital healthcare engineering (HCE) department. Innovative management of services can provide substantial savings in operating expenses. In engineering the healthcare system, the system is composed of combinations of parts, people and procedures. It is arranged in such a way that these elements can act as a whole towards achieving some common goals or objectives. The word 'system' embodies the concept of 'wholeness'. This 'wholeness' can be used to order the way in which one sees the problem. A subsystem is any portion of the system that performs one or more functions separately in the system. To apply the systems concept in healthcare management requires maintaining an objective view of how each variable interacts or fits within the healthcare functional process. The systematic approach to projects was first documented by Goode and Machol (1957) . When applied wisely to both design and management, this approach most often leads to a less costly and to a more acceptable, efficient and effective process. The systems approach may be defined as a logical and disciplined process of problem solving.
Generally, the parameters that represent system behaviour can be broadly classified into two groups, namely hard variables and soft variables. Hard variables are system parameters that can be measured and quantified, such as the total number of activities, time to complete the assignments, output from the healthcare worker (productivity) and so on. On the other hand, intangible factors that influence the overall behaviour of the system are classified as soft variables, such as expectations of patients, flexibility of administrative procedures, motivation and so on. These hard and soft variables can be integrated or combined to represent the performance of healthcare workers.
System-engineering of an integrated healthcare delivery system
System dynamics has the major benefit of making explicit assumptions of how entities are connected, and observing how they vary in addressing the system objectives. It is applicable to the healthcare industry while planning for the future service demand. Healthcare service-science includes:
• medical research, education, evidence-based medicine and advanced patient care in specialised fields such as oncology, cardiology, neurology, microbiology, emergency medicine and rehabilitation
• primary and tertiary care management and medical informatics
• pharmaceutical research and clinical trials, as components of integrated healthcare services.
The current trend of increasing medical costs for all services (primary to tertiary) is due to the lack of coordination among the primary, secondary and tertiary components of the healthcare delivery system, resulting in long queues at specialist outpatient clinics (SOC) in public hospitals. This is why dynamic modelling of the components of the healthcare delivery system can enable healthcare administrators to develop a seamless, integrated and economical healthcare-delivery system. Such a 'system approach' offers the opportunities for reducing costs (due to stand-alone operation of these component systems) without compromising quality. The system dynamics modelling can provide insights into the factors influencing the overall capacity and efficiency of the healthcare delivery service. The model can also be applied to simulate different scenarios (such as the management of SARS epidemic), and the comparison of the simulation-output results can help determine the optimal management strategy. Figure 3 shows the flow chart of patients within a virtual clinic system. The flow chart presents the different tasks that the clinic performs. Feedback will be given to the system via the feedback loop from the exit of the system. During diagnosis, the system will further analyse the patient's condition and recommend the patient to a doctor if the condition warrants it. It will channel the patient to the referral segment, where the patient will be advised about the nearest clinic available; an appointment will be given to the patient, so that the patient is able to see a doctor once she reaches the clinic. Ithink, a commercial software, is appropriate for the development of this model. The virtual clinic system model was built in Ithink. In the system, it is further sub-divided into 3 sectors: Registration, Diagnostic and Server's Capacity.
A systems-dynamics model
Referring to a systems model of the virtual clinic (Figure 4 ), in conjunction with the conceptual model (as shown in Figure 2) , a computer simulation model can be derived with the Ithink software (system dynamic approach). With the aid of computer simulation, the entire virtual clinic model integrates the inflow and outflow of patient, and the diagnostic time may be limited by the hardware server's capacity. The computer simulation model enables healthcare planners to explore a range of scenarios based on both elements inside and outside their control. Figure 5 displays a typical computer output (solution phase) and the outcome of the systems-dynamics model to provide insight into the factors (defined by user) influencing the capacity of healthcare services. The computer model, described, here, can form a wider program aimed at developing simulations in which patient inflow, outflow and activity (monitored by the server) may be simulated in an integrated modelling environment. 
Concluding remarks
The capacity to access, integrate and analyse patient records and clinical data within a healthcare system represents an opportunity to ensure and enhance clinical quality and to reduce costs in a carefully planned and controlled manner. Moreover, such capability should improve healthcare delivery (efficiency) and provide the hospital/clinic with a level of integration of services achieved by few healthcare services providers. With the aid of emerging technology, the concept of a virtual diagnostic clinic will serve to prepare services providers for the advent of managed care and other anticipated changes in healthcare, while ensuring continued ability to deliver high quality, cost-effective medical and health-related services.
